Chalkiness is one of the key factors determining rice quality and price. Ascorbic acid (Asc) is a major plant antioxidant that performs many functions in plants. dehydrogenase (L-GalLDH, EC1.3.2.3) is an enzyme that catalyzes the final step of Asc biosynthesis in plants. Here we show that the L-GalLDH-overexpressing transgenic rice, GO-2, which has constitutively higher leaf Asc content than wild-type (WT) plants, exhibits significantly reduced grain chalkiness. Higher foliar ascorbate/dehydroascorbate (Asc/DHA) ratios at 40, 60, 80, and 100 days of plant age were observed in GO-2. Further investigation showed that the enhanced level of Asc resulted in a significantly higher ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) protein level in GO-2 at 80 days. In addition, levels of abscisic acid (ABA) and jasmonic acid (JA) were lower in GO-2 at 60, 80, and 100 days. The results we present here indicate that the enhanced level of Asc is likely responsible for changing redox homeostasis in key developmental stages associated with grain filling and alters grain chalkiness in the L-GalLDH-overexpressing transgenic by maintaining photosynthetic function and affecting phytohormones associated with grain filling.
Introduction
Ascorbic acid (Asc) is considered an excellent water-soluble antioxidant in plants and animals. It is widely associated with photosynthetic function and stress tolerance in plants and must be obtained regularly from dietary sources by animals, which cannot synthesize it [1] . The importance of endogenous Asc in plants has been proposed to be its function as a cofactor for many enzymes and as a regulator of cell division and growth, as well as in signal transduction [2] . Asc has also been proposed to regulate the development of senescence [3, 4] , defend against pathogens, and control flowering time in plants [5] [6] [7] [8] . Recently, it has been reported that Asc appears to be involved in a complex phytohormone-mediated signaling network that ties together ozone and pathogen responses and influences the onset of senescence [9] . Given the importance of Asc to plant and animal health, much research has focused on developing strategies to increase Asc content in plants to improve their nutritional value and stress responses [10, 11] .
Although four Asc biosynthetic pathways in higher plants have been proposed [12] [13] [14] [15] , the Smirnoff-Wheeler pathway has been shown to be the primary pathway in most plant organs [1] . In the Smirnoff-Wheeler pathway, the enzyme L-GalLDH (EC1.3.2.3) catalyzes the ultimate step of Asc biosynthesis [16] . L-GalLDH is attached to complex I of the mitochondrial electron transport chain, which represents a major fragment of the "membrane arm" of complex I [17] and uses L-galactono-1,4-lactone (L-GalL) as an electron donor to reduce cytochrome c between complexes III and IV, while L-GalL is converted into Asc [16] .
The role of L-GalLDH in the control of cell, organ and plant growth has been studied using mainly antisense or RNA interference (RNAi) approaches, and a deficiency of Asc and L-GalLDH has been observed to affect not only the division and growth of tobacco BY-2 (Nicotiana tabacum cv. Bright Yellow 2) cell culture [18] but also the growth and development of tomato (Solanum lycopersicum) [19] and Arabidopsis [20] . Recently, we reported the development by RNAi of homozygous L-GalLDH-suppressed transgenic rice plants with approximately 20% to 50% of the Asc content of wild-type (WT) plants [21] . Further study showed that L-GalLDH-suppressed rice plants displayed reduced growth rate, seed set, and tiller number [22, 23] . Several studies have been performed to investigate whether the overexpression of L-GalLDH would affect the accumulation of Asc. For example, it has been reported that overexpression of L-GalLDH leads to an increase of Asc content in tobacco suspension cells [24] . In another study, a cDNA encoding L-GalLDH from sweet potato was introduced into tobacco plants and an increase of L-GalLDH activity was observed in the transgenic plants [25] . Our recent results showed that overexpression of authentic L-GalLDH resulted in a substantial increase of foliar Asc in rice; moreover, L-GalLDH-overexpressing rice plants displayed increased seed set compared with the WT [22] .
Seed set is an important agronomic trait that determines rice yield, while chalkiness is a major concern in rice breeding because it is one of the key factors determining quality and price [26] . Chalky kernels have a lower density of starch granules than do vitreous ones, and are accordingly more prone to breakage during milling [27] . Many studies have shown that multiple factors contribute to the formation of kernel chalkiness, including starch synthesis and starch granule structure and arrangement [28] [29] [30] . The rice endosperm in the storage phase undergoes a series of coordinated cellular and metabolic events, including starchy endosperm cell death, starch synthesis, and starch granule packaging followed by an endogenous H 2 O 2 burst 15 days after flowering (DAF) [31] . Liu et al. observed high grain chalkiness characteristics in a near-isogenic line, CSSL50-1, and suggested that reactive oxygen species (ROS) play a critical role in regulating rice endosperm chalkiness [32] . However, grain chalkiness is a complex quantitative genetic trait and the molecular mechanisms underlying its formation are still poorly understood [32] . In this study, we investigated how a change in Asc content with overexpression of L-GalLDH in rice plants leads to reduced grain chalkiness. The consequences of an increase in Asc (by use of homozygous L-GalLDH-overexpressing transgenic rice, GO-2, which has constitutively higher leaf Asc content) to grain chalkiness, lipid peroxidation, photosynthetic function, phytohormone changes, and their interactions were compared between GO-2 and the WT. The results suggested that Asc plays a role in grain chalkiness through maintaining photosynthetic function and affecting phytohormones associated with grain filling.
Materials and methods

Plant materials
Oryza sativa L. cv. Zhonghua 11 (WT) and the previously described homozygous L-GalLDH-overexpressing transgenic rice plant (GO-2) [22] were used as experimental plants. GO-2 has constitutively higher (about 1.4-fold) leaf Asc content than the WT plant.
Growth conditions and treatments
Germinated seeds of WT and GO-2 were pre-grown with complete Kimura B nutrient solution in a greenhouse for 30 days. The seedlings were grown until the emergence of the fourth leaf blade. They were then taken out gently and transferred to earthen pots 30 cm in diameter and 32 cm in depth filled with 6.0 kg of sieved, sterilized dry paddy soil (the contents of soil organic matter, alkaline hydrolytic nitrogen, effective phosphorus, and available potassium were 14.2%, 66.2 mg kg , respectively, and soil pH was 5.4) amended with 1.0 g (NH 4 ) 2 SO 4 , 0.8 g P 2 O 5 , and 0.6 g K 2 O per kg soil, where they grew until the seeds were harvested. The plants were grown under natural conditions with average temperature of 32°C/24°C (day/night), relative humidity 65-85%, photosynthetically active radiation 600 to 1200 μmol m −2 s −1
, and photoperiod of 14/10 h (day/night). Young fully expanded leaves of WT and GO-2 from the tops of plants were sampled at 40, 60, 80, 100, and 120 days after germination, representing the initial tillering, peak tillering, heading, milk ripe, and dough ripe stages, respectively. The sampled leaves were stored at − 70°C for analysis.
Measurement of chalkiness and grain size
Mature panicles were harvested and dried at 37°C for at least 3 days to 15% moisture content. The seeds were then manually threshed and machine dehulled. The degree of chalkiness, grain length (GL) and grain width (GW) were evaluated following the method of Xiao et al. [33] .
Scanning electron microscopy (SEM)
Morphological properties of rice kernels were examined. Rice kernels were broken along natural fracture planes and the pieces mounted on stubs. The specimens were coated with gold using a SC7610 sputter coater (Fisons Ins., England). These samples were observed by JSM-6380LV scanning electron microscope (Jeol, Akishima-Shi, Japan) at a magnification of 2000×.
Measurement of Asc and DHA
Asc (reduced form) and total Asc (Asc plus DHA) contents were measured in 0.1 g of fresh leaves, according to the method of Kampfenkel et al. [34] with slight modification. DHA was determined as the difference between total and reduced Asc.
Determination of chlorophyll content
Fresh leaf material (0.1 g) was extracted with 80% (v/v) acetone, and the absorption of the extracts was measured at 663 and 645 nm. Chlorophyll (Chl) a and b were determined using the redetermined extinction coefficients and equations established by Lichtenthaler [35] : Chl a (mg L 
Lipid peroxidation assay
Lipid peroxidation was evaluated by measuring malondialdehyde (MDA) content in 0.1 g of fresh leaves, according to the method of Heath and Packer [36] with slight modification.
Determination of Rubisco content
Rubisco protein determination was performed according to Liu et al. [22] . Briefly, 0.5 g of leaves was homogenized in 5 mL of grinding medium and the homogenate was centrifuged at 15,000 ×g for 20 min. Then 100 μL of supernatant was added to an equal volume of sample buffer and incubated in boiling water for 3 min before electrophoresis. The samples (10 μL) were loaded onto 12.5% (w/v) resolving polyacrylamide gels (PAG) with a 5% (w/v) PAG stacker. Electrophoresis was performed at a constant current of 15 mA (Beijing Liuyi Instrument Factory, China). After the gel was stained with Coomassie Brilliant Blue R-250 (Sigma, USA), it was destained overnight with gentle shaking to ensure that its background had turned colorless. Then the large subunit and small subunit bands of Rubisco were cut out of the gel and eluted with 1.0 mL of formamide at 50°C for 5 h with shaking. The light absorption of the resulting solution was measured at 595 nm. A calibration curve was constructed with authentic Rubisco (Bio-Rad, USA).
Net photosynthesis rate measurements
The net photosynthetic rate was measured with a portable photosynthesis system (Li-6400, Li-Cor Inc., Lincoln, NE, USA). The measurement was conducted between 11:00 and 13:00 on the measuring day, and the youngest fully expanded leaf on each plant at 40, 60, 80, 100, and 120 days of plant age was used for the determination. The measurement conditions were as follows: leaf temperature 32 ± 2°C, photon flux density 1000 μmol m
, relative humidity 79-83%, and CO 2 concentration 340 μmol mol 
Detection of phytohormones
Young, fully expanded leaves from GO-2 and WT (0.5 g) were harvested for abscisic acid (ABA) and jasmonic acid (JA) extraction. The harvested tissues were immediately ground to a fine powder in liquid N 2 , and then exposed to extraction buffer (1.0 mL of 80% methanol) at 4°C overnight. The samples were centrifuged at 10,000 ×g for 5 min, and the residues were re-extracted with 0.6 mL of 80% methanol (HPLC grade, Merck, Germany). The dried extracts were obtained according to Liu et al. [23] and then dissolved in 40 μL of 50% methanol and used for LC/MS assay in a Waters Acquity SQD (LC/MS) system (Waters, USA) according to Liu et al. [37] .
Statistical analysis
All experiments were conducted in at least triplicate. Values were expressed as means ± SE. All results were subjected to a one-way analysis of variance with a least significant difference (LSD) test between means. Data were processed with the SigmaPlot software (version 10.0, SYSTAT Software Inc., Richmond, CA, USA). Principal component (PC) analysis was performed with mean-centered data using statistical software SPSS (version 20.0, IBM Corp, Armonk, NY, USA). Loading plots were used to detect the parameters responsible for the separation between different plant stages or genotypes in the data.
Results
L-GalLDH-overexpressing rice plants display reduced grain chalkiness
A significant difference in grain chalkiness degree was observed between GO-2 and WT. GO-2 kernels displayed a reduced (6.21%) grain chalkiness degree, but WT kernels displayed 9.32% (P = 0.0008, n = 50, Fig. 1A ). Furthermore, WT kernels displayed higher chalkiness with less translucence compared to GO-2 (Fig. 1B) . Scanning electron microscopy showed that the GO-2 endosperm consisted of densely packed and large starch granules, while WT endosperm also consisted of densely packed and large starch granules, but with some round and loosely packed starch granules with air spaces (Fig. 1C) . As chalkiness may be affected by grain size, GL, GW, and grain length-to-width ratio (GLWR) of GO-2 and WT were measured. No significant difference between GO-2 and WT in GL, GW, or GLWR was observed (Table 1) .
Contents of Asc, chlorophyll, and lipid peroxidation in L-GalLDH-overexpressing rice plants at different plant growth stages
To investigate the causes of the different grain chalkiness shown between GO-2 and WT, we evaluated plant growth rate (including plant height and tiller number), Asc content, Asc/DHA ratio, Chl pool, and MDA content in GO-2 and WT plants at 40, 60 , 80, 100, and 120 days of age. No significant differences between GO-2 and WT in plant height and tiller number were observed at different plant growth stages (Table 2) , whereas the level of foliar Asc of GO-2 increased significantly compared with that of the WT (Fig. 2A) . The level of Asc in young fully expanded leaves of GO-2 was increased to 137.0%, 142.1%, 152.4%, 140.1%, and 116.8% at 40, 60, 80, 100, and 120 days, respectively, of the level in the corresponding leaves of the WT (Fig. 2A) . Significant increases were also observed in the Asc/DHA ratio of GO-2 plants at 40, 60, 80 , and 100 days, of 2.04, 1.43, 2.11, and 2.41, respectively, compared to the WT (1.32, 1.00, 1.15, and 1.29), whereas no significant difference was observed in GO-2 leaves relative to the WT at 120 days (Fig. 2B) . The level of lipid peroxidation, as measured by MDA assay, was significantly lower in young fully expanded leaves of GO-2 at 40 and 120 days (0.05 ± 0 and 0.05 ± 0 mg g −1 DW) than in the corresponding leaves of the WT (0.07 ± 0 and 0.06 ± 0 mg g −1 DW), whereas no significant difference was observed in GO-2 leaves relative to the WT at 60, 80, and 100 days (Fig. 2C ).
To determine whether Asc content affects the pool size of Chl a and b, Chl levels were measured in leaves of GO-2 and WT at different plant age. No significant difference in the level of Chl a was observed in GO-2 leaves relative to the WT at 60, 80, 100, and 120 days, but the difference was significant in GO-2 compared with the WT at 40 days, and no significant difference in the level of Chl b and the Chl a to Chl b ratio was observed in GO-2 leaves relative to the WT (Table 3 ).
Changes in Rubisco level and net photosynthesis rate in L-GalLDH-overexpressing rice plants
To determine whether the amount of Rubisco protein varied in GO-2 plants, we evaluated by SDS-PAGE the content of Rubisco protein in young, fully expanded leaves of GO-2 and WT plants at different plant ages. The results showed that the level of Rubisco protein was significantly higher in young, fully expanded leaves of GO-2 at 40 and 80 days of plant age (42.66 ± 1.73 and 66.40 ± 1.06 mg g − 1 DW) than in the corresponding leaves of the WT (33.89 ± 2.24 and 58.56 ± 1.33 mg g − 1 DW), whereas no significant difference was observed between GO-2 and WT at 60, 100, and 120 days (Fig. 3A) . The net photosynthesis rate was also measured in young, fully expanded leaves in GO-2 and WT leaves at Grain length (GL), grain width (GW) and grain length to width ratio (GLWR) of GO-2 and WT are described. The results are presented as means ± SE of at least at least 50 replicates, and no significant differences based on Fisher's protected LSD test were detected between WT and GO-2. different plant ages, and no significant difference was observed between GO-2 and WT plants (Fig. 3B) .
Changes in phytohormones associated with senescence in
L-GalLDH-overexpressing rice plants
In this study, two phytohormones (ABA and JA) associated with senescence and grain filling were measured at different plant growth stages. The level of ABA was not significantly different in GO-2 leaves relative to the WT at 40 and 120 days of plant age, whereas it was significantly lower in leaves of GO-2 plants at 60, 80, and 100 days than in WT plants, being reduced to respectively 81.86%, 43.87%, and 62.98% of the WT (Fig. 4A ). Similar differences between GO-2 and WT were observed in the level of JA, with JA content in GO-2 reduced to 76.22%, 59.78%, and 57.15% of the WT at 60, 80, and 100 days plant age, respectively, whereas no significant difference was observed between GO-2 and WT at 40 and 120 days of plant age (Fig. 4B ).
Correlation analysis of physiochemical indexes at 60, 80, and 100 days of plant age
To assess the effect on chalkiness of growth status after heading, especially during the grain-filling stage, we focused on analyzing the association of chalkiness with physiological indices in GO-2 and WT at key developmental stages associated with grain filling (60, 80, and 100 days of plant age). The relationships between foliar Asc and MDA content, Chl pool size, Rubisco content, CO 2 assimilation, and ABA and JA content in GO-2 and WT plants at 60, 80, and 100 days of plant age are described in Fig. 5 . Pearson correlation analysis was performed on the least-squares means for each parameter pair. Values are given for the correlation coefficient (r). Parameter pairs that are positively or negatively correlated with significance greater than P < 0.05 and P < 0.01 are highlighted by shading (see legend for details). Asc showed a strongly positive trend with respect to Asc/DHA, Rubisco, and net photosynthesis rate 
PC analysis of Asc and other correlated parameters in
L-GalLDH-overexpressing rice plants at 60, 80, and 100 days of plant age
Principal component (PC) analysis was applied to the concentrations of all metabolites of leaf samples to give an overall view of the differences between genotypes and between key stages (60, 80, and 100 days of plant age). The first two PC analysis scores explained 77.64% of total variation (Fig. 6A ). The first PC The results are presented as means ± SE of at least 12 plants, and no significant differences based on Fisher's protected LSD test were detected between WT and GO-2. (PC1), which explained 55.55% of total variation, was positively correlated with Asc content, redox state (Asc/DHA), Rubisco content and net photosynthesis rate, and negative correlations with ABA and JA content, thus confirming the relevance of the changes in these parameters at different plant growth stages (Fig. 6B) . The second PC (PC2), which explained 22.09% of the total variation (Fig. 6A) , separated 60 and 100 days of plant stage from 80 days of plant stage in the WT and GO-2 (Fig. 6A) . Examination of PC2 loadings suggested that this difference between 60, 80, and 100 days of plant stage involved Chl (a + b) and JA content on the positive side (Fig. 6B ). This analysis confirmed and summarized the general trends identified in Fig. 5 .
Discussion
L-GalLDH catalyzes the terminal step of the major pathway of Asc biosynthesis in higher plants by converting L-GalL into Asc [38] . Many studies have been performed to investigate the role of L-GalLDH in the control of cell, organ and plant growth using mainly antisense or RNAi approaches [19] , whereas only a few studies have been performed to investigate whether the overexpression of L-GalLDH affects the accumulation of Asc. For example, tobacco suspension cells overexpressing L-GalLDH showed an increase in Asc content [24] . Tobacco plants overexpressing sweet potato L-GalLDH showed a 3-fold increase in L-GalLDH activity, but no effect on Asc level [25] . Recently, we introduced authentic L-GalLDH into rice to investigate whether the overexpression of L-GalLDH led to changed Asc content, and found that the overexpression of L-GalLDH resulted in a substantial increase in foliar Asc content at 30 days or the grain-filling stage; moreover, that L-GalLDH-overexpressing rice plants displayed increased seed set compared with the WT [22] .
In this study, we investigated how a change in Asc content leads to a changed grain chalkiness using L-GalLDHoverexpressing rice (GO-2) in which the foliar Asc content has increased to 1.4-fold of the WT. We observed a significant lower grain chalkiness degree in GO-2 than in the WT (Fig. 1A) . GO-2 kernels have higher density starch granules than WT kernels (Fig. 1C) . Grain chalkiness is an important factor in determining rice quality and price, and is influenced by multiple factors including starch synthesis and starch granule structure and arrangement [39] . Programmed starchy endosperm cell death occurred after starch granule packaging, and an endogenous H 2 O 2 burst was detectable at 15 DAF in rice endosperm [31] . As the most abundant water-soluble antioxidant in plants, Asc plays a pivotal role in the network of characterized events involved in wheat kernel maturation, such as protein synthesis and storage, programmed cell death (PCD) of starchy The results are presented as means ± SE of at least 12 plants, and those that were significantly different from one another at the same growth stage according to Fisher's protected LSD test are indicated by different letters (P < 0.05). Fig. 3 -Levels of Rubisco protein and net photosynthesis rate of GO-2 and WT plants at 40, 60 , 80, 100, and 120 days of plant age. Rubisco protein content (A) and net photosynthesis rate (B) were measured in young, fully expanded leaves of WT and GO-2 rice at 40, 60, 80, 100, and 120 days of plant age. Data in A and B are presented as means ± SE of at least four replicates, and those that were significantly different from one another at the same growth stage according to Fisher's protected LSD test are indicated by different letters (P < 0.05).
endosperm, and tissue dehydration [40] . We observed substantially increased levels of foliar Asc content at different plant ages and increased foliar Asc/DHA ratios at 40, 60, 80, and 100 days of age in GO-2 compared to the WT ( Fig. 2A, B) . On the other hand, an insufficient supply of photosynthate from source to sink organs is considered to be one of the causes of chalkiness [41] . In our study, the observation that increasing L-GalLDH expression correlated with increased Rubisco content and net photosynthesis rate was consistent with the foliar levels of Asc at key developmental stages associated with grain filling (Figs. 2A, 3A, 5, 6 ). Moreover, the correlation between the level of Rubisco, net photosynthesis rate, and Asc/DHA suggested that redox state is important in maintaining photosynthetic function, resulting in the reduction of chalky grain formation (Figs. 5 and 6). Phytohormones are key regulators of seed development [42] . Genes encoding late embryogenesis abundant (LEA) proteins are activated by ABA through OsVP1 to protect the embryo from dehydration [43] . Our previous study showed that L-GalLDHsuppressed rice plants, which contain very low foliar Asc levels (<30% of WT levels), exhibit significantly higher levels of foliar ABA at 40, 60, and 80 days of plant age than with the WT and show reduced tiller number [23] . In the present study, the L-GalLDH-overexpressing rice plant (GO-2), which showed higher foliar Asc levels (about 1.4-fold of the WT), exhibited significantly lower levels of foliar ABA at 60, 80, and 100 days of plant age compared with the WT, while no significant difference was observed at 40 and 120 days. We also noticed that the increase in percent of Asc in GO-2 plants compared with WT at 60, 80, and 100 days of plant age was greater than 40%, whereas it was less than 40% at 40 and 120 days ( Fig. 2A) . A strongly negative correlation was also observed between ABA and Asc at 60, 80, and 100 days of plant age (Figs. 5, 6 ). Previous studies have shown that the Asc-deficient Arabidopsis mutant vtc1 has higher levels of ABA than the WT [44] . A recent study also showed that the vtc1 and vtc2 mutants, which have low abundance of Asc, show enhanced ABA levels compared with the WT [45] . Asc is required as a co-substrate for the activity of 2-oxoacid-dependent dioxygenases, a class of enzymes that are involved in the biosynthesis of ABA [4, 46] . These results seem somewhat contradictory, as the ABA biosynthetic pathway requires Asc. However, the authors hypothesized that this ABA increase was due to differential gene expression of vtc1 with respect to WT plants [40, 47] . Pastori et al. speculated that 9-cis-epoxycarotenoid dioxygenase (NCED) transcripts are upregulated in response to Asc deficiency in vtc1, perhaps as compensation for decreased cofactor availability and to increase maximal catalytic capacity [44] . Zhu et al. reported that a group of starch metabolism-related genes showed enhanced expression profiles and had higher transcript levels in superior spikelets than in inferior ones at the early and middle rice kernel filling stages, and the expression of the ABA synthesis genes NCED1 and NCED5 declined with development of the caryopses [48] . Here we presumed that there was an Asc increased threshold value (>40% of the WT levels) that affects ABA level, and the lower levels of foliar ABA in GO-2 plant in key stages associated with grain filling are due to the expression changes of ABA biosynthetic genes, possibly as a consequence of the enhanced Asc level, and possibly accounting for the significantly reduced grain chalkiness observed in GO-2 plants.
Given that exogenous application of methyl jasmonate (MeJA) stimulates de novo biosynthesis of Asc in N. tabacum and Arabidopsis suspension cells, Asc content seems to be under hormonal control [49] . Sasaki-Sekimoto et al. found that among the transcripts affected by JA are genes involved in Asc biosynthesis and recycling [50] . For example, exogenous application of JA induced an increase in transcript levels of L-GalLDH and stimulated Asc biosynthesis in the monocotyledon Agropyron cristatum [51] . However, the effects of JA may show species specificity; for example, the expression of L-GalLDH mRNA in broccoli florets was suppressed by treatment with MeJA and ABA and was accompanied by the acceleration of Asc degradation [49, 52] . In addition, in contrast to its effect in Arabidopsis, application of MeJA in tomato tends to suppress Asc accumulation [53] . JA is involved in plant development and the defense response [54] . Grain yield was greatly reduced in transgenic rice in which the MeJA level was 6-fold those of nontransgenic controls as a result of overexpression of the Arabidopsis JA carboxyl methyltransferase gene [55] . In our study, the level of JA was significantly lower in GO-2 leaves than in the WT at 60, 80, and 100 days of plant age, and no significant difference was observed at 40 and 120 days of plant age (Fig. 4B) . Moreover, a strongly negative correlation was observed between JA and Asc at 60, 80, and 100 days of plant age (Figs. 5 and 6 ). Here we suggest that the reduced JA content in GO-2 plant leaves was a consequence of the high level of endogenous Asc and may also account for the significantly reduced grain chalkiness observed in GO-2 plants.
In summary, our results suggest that the level of Asc plays a role in the reduction of grain chalkiness in L-GalLDH-overexpressing rice plants. The higher level of foliar Asc in GO-2 leads to a changed redox homeostasis, which is important in maintaining photosynthetic function in grain filling stages. The loss of ABA and JA in GO-2 leaves may be a consequence of the higher level of Asc present in grain filling stages, and may account for the reduced rice chalkiness observed in GO-2. Thus, these observations support the conclusion that an enhanced level of Asc alters grain chalkiness in the L-GalLDH-overexpressing transgenic through maintaining photosynthetic function and affecting contents of phytohormones associated with grain filling. 
